ABSTRACT Previous research has shown that providing light during incubation can have positive effects on hatchability and chick quality; however, white light alone has been observed to improve these factors only in pigmented broiler eggs and non-pigmented white layer eggs. Monochromatic red light has been shown to improve hatchability in layer eggs. Therefore the objective of this study was to utilize one light fixture that emitted both white and monochromatic red light to determine if this one light source could improve hatchability in both types of chicken eggs and pigmented Pekin duck egg. To determine this, 3 experiments were conducted, the first using White Leghorn eggs (N = 6912), the second using commercial broiler eggs (N = 4608), and the third using commercial Pekin duck eggs (N = 3564) in which eggs were incubated with 12 h of light and 12 h of darkness (LED) or complete darkness (DARK); the light level was 250 lux. Hatchability, embryo mortality, and hatchling quality were measured. In Experiment 1, LED had fewer early dead embryos (P = 0.03), less overall embryo mortality (P = 0.05), fewer chicks with unhealed navels (P < 0.001), fewer chicks with defects (P < 0.001), and a higher percentage of fertile eggs that hatched (P = 0.05) than DARK. In Experiment 2, LED had fewer chicks with unhealed navels (P = 0.003), fewer chicks with defects (P = 0.001), and a higher percentage of fertile eggs that hatched (P = 0.04) than DARK. In Experiment 3, LED had fewer early dead embryos (P = 0.05), lower overall embryo mortality (P = 0.04), and a higher percentage of fertile eggs that hatched (P = 0.05), and had ducklings with lower bodyweights at hatch (P = 0.04) than DARK. These results indicate that providing both white and red light during incubation can improve chick quality across poultry varieties. This type of fixture could be used to improve commercial hatchery efficiency and chick quality.
INTRODUCTION
Environmental factors during incubation can affect the hatchability and quality of the chicks that hatch. It has been documented that temperature (Narinç et al., 2016) , humidity (Bruzual et al., 2000) , turning (Eliboil and Brake, 2006) , carbon dioxide levels (Gildersleeve and Boeschen, 1983) , and even sound (Stadelman, 1958) can all affect hatchability. Recent research has demonstrated that light exposure during incubation also can affect hatchability (Huth and Archer, 2015; Archer, 2015a Archer, ,b, 2016b . This is not a new concept as others have observed increases in growth and hatchability (Walter and Voitle, 1972; Garwood et al., 1973; Shafey, 2004) and acceleration in hatch time (Garwood et al., 1973; Bohren and Siegel, 1975; Ghatpande et al., 1995; Fairchild and Christensen, 2000; Shafey and Al-C . A likely reason that this environmental factor is not used in commercial incubators it that previous lighting sources caused detrimental effects, as well as the secondary heating caused by incandescent light bulbs (Gold and Kalb, 1976 ) decreases hatchability. However, with the advent of LED technology this is no longer an issue.
Light is an obviously important environmental stimulus during incubation as the avian embryo has evolved to respond to light stimulation. Avian embryos respond to light as early as 3 d of development (Erwin et al., 1971) . Furthermore, light during incubation causes the development of central nervous system asymmetries (Rogers, 1982) , alters opsin expression in photoreceptors (Rozenboim et al, 2013) , enhances proliferation and differentiation of myoblast and myofiber synchronization (Halevy et al., 2006) , and alters hormonal rhythms (Csernus et al, 2007) . Light stimulation during incubation has been observed to increase growth (Rozenboim et al., 2004; Zhang et al., 2016) , improve feed conversion (Zhang et al, 2011) , reduce fear responses (Archer and Mench, 2014b; 2017) , reduce stress susceptibility (Archer et al, 2009; Mench, 2013, 2014a,b; Archer, 2016) , and alter behavior post hatch (Sui and Rose, 1997, Rogers et al., 2007; Riedstra and Groothuis, 2004) . Özkan et al. (2012) even concluded that light exposure during incubation resulted in chicks that were more prepared for novel situations post hatch.
Birds are very sensitive to different wavelengths of light and different wavelengths of light affect their physiology. Hluchý et al. (2012) observed that different wavelengths of light could affect hatchability differentially. Furthermore, differences in hatch time have been attributed to the eggshell filtering of certain light wavelengths (Ghatpande et al., 1995) . Adding to the ability of the eggshell to filter the light, it also absorbs about 99.8% that is emitted on it (Shafey et al., , 2005 . Huth and Archer (2015) observed that broiler eggs saw an increase in hatchability when exposed to white LED light while white layer eggs showed no improvement. Archer (2016) observed that both "warm" and "cool" LED light increased hatch and were filtered similarly into more of the red frequency range. Hluchý et al. (2012) found that red light produced a higher hatchability than blue, with white light having the highest overall hatchability in broilers. Archer (2016) observed that red light improved hatchability in white layer eggs but not broiler eggs; however, Archer (2017) observed that red light improved hatchability similarly to white light in broiler eggs. The intensity of light also may alter the effectiveness of different wavelengths though no research has been conducted on this to date. Most of the research in this area has been conducted in chickens with only a few studies looking at other species such as turkeys (Fairchild and Christensen, 2000; Rozenboim et al., 2003) and quail (Walter and Voitle, 1973) . No research has been done to this point on duck eggs.
As no research has been conducted investigating how combining white and red light during incubation will affect hatchability and chick quality, we conducted 3 experiments to investigate this. The objective of this study was to determine how the combination of red and white light affected white layer, broiler, and Pekin duck eggs in respect to hatchability, embryo mortality, and hatchling quality. It is hypothesized that all eggs incubated under these lighted conditions will result in greater hatchability and hatchling quality across all poultry types.
MATERIALS AND METHODS

Experiment 1 Layer Eggs: Animals and Husbandry
There were 3 trials conducted in Experiment 1 using White Leghorn eggs (W-36, N = 6912) from hens that were minimally 50 wk of age. Eight GQF 1500 incubators and eight GQF 1550 hatchers (GQF Manufacturing, Savannah, GA) were used in each trial, and their front windows were blacked out with cardboard to prevent light intrusion into the machines. Eggs were set within 7 d of being laid. Four incubators were oper- ated with the traditional dark method of incubation (0L:24D, DARK), while the other 4 were outfitted with (Agrishift R JLL short 8 watt LED, Once Inc, Plymouth, MN; LED) on each level, with 2 lights spaced evenly above the eggs. Lighting treatments were rotated among incubators between each trial to limit the effect of incubators on results. The lights were operated by a Agrishift R LED master dimmer (Once Inc, Plymouth, MN), with a 12L:12D light schedule and the lights were dimmed to 40% to obtain an average of 250 lux at egg level as measured using a light meter (Extech 401027, Extech Instruments, Nashua, NH). Eggs and lights were scanned periodically throughout incubation with a thermal imaging camera (FLIR-T62101, Boston, MA) to ensure that eggshell temp was not affected by the LED lights (data not presented). Lights were very low profile so as not to disturb the airflow within the incubator. Spectrum of lights used is presented in Figure 1 . Two egg trays were set on each rack with each tray holding 48 eggs, for a total of 6 trays over 3 levels equaling 288 eggs per incubator. The incubators were maintained at standard temperature and humidity levels of 99.5
• F and 55%, respectively. Incubators were monitored twice daily to ensure proper functioning. The eggs were incubated for 18 d, at which time they were moved into the hatchers. Hatchers were not outfitted with lights, as previous research has shown this is not necessary (Archer, 2015a) . All of the chicks were weighed and counted at hatch. The quality of the live chicks was assessed, and they were categorized and counted as either no defect, having an unhealed navel, having leg abnormalities, weak, dirty, having traits a hatchery would cull, or having any other abnormality. The remaining unhatched eggs were broken out and counted as pipped, broken, infertile, early dead, mid dead, and late dead.
Experiment 2 Broiler Eggs: Animals and Husbandry
There were 2 trials conducted in Experiment 2 using broiler eggs (N = 4608) that were minimally 50 wk of age. Unless otherwise noted, all trials followed the same procedures as in Experiment 1.
Experiment 3 Pekin Duck Eggs: Animals and Husbandry
There were 2 trials conducted in Experiment 3 using Pekin duck eggs (N = 3564) that were minimally 50 wk of age. Unless otherwise noted, all trials followed the same procedures as in Experiment 1. Nine GQF 1500 incubators and nine GQF 1550 hatchers (GQF Manufacturing, Savannah, GA) were used in each trial, and their front windows were blacked out with cardboard to prevent light intrusion into the machines. Five incubators were operated with the traditional dark method of incubation (0L:24D, DARK), while the other 4 were outfitted with (Agrishift R JLL short 8 watt LED, Once Inc, Plymouth, MN; LED) on each level, with 2 lights spaced evenly above the eggs. Two egg trays were set on each rack with each tray holding 33 eggs, for a total of 6 trays over 3 levels equaling 198 eggs per incubator. The incubators were maintained at standard temperature and humidity levels of 99.5
• F and 60%, respectively. The eggs were incubated for 25 d, at which time they were moved into the hatchers. All of the ducklings were weighed and counted at hatch. The quality of the live ducklings was assessed, and they were categorized and counted as either no defect, having an unhealed navel, having leg abnormalities, weak, dirty, having traits a hatchery would cull, or having any other abnormality. The remaining unhatched eggs were broken out and counted as pipped, broken, infertile, early dead, and late dead.
All experiments were approved by the Texas A&M University IACUC committee (AUP# IACUC 2015-0254).
Statistical Methods
One-way ANOVA was used to investigate treatment effects on hatchability, embryo mortality, and chick quality. The least significant difference test was used to test all planned comparisons. All of the assumptions of ANOVA were tested (Shapiro-Wilk test for normality and Levene's test for homogeneity of variance). No transformations were needed to meet assumptions. All analyses were performed using SAS 9.3 for Windows (SAS Institute Inc. Cary, NC, USA). Significant differences were determined at P < 0.05.
RESULTS
In Experiment 1 (Table 1) , there were no differences between LED and DARK treatments (P > 0.05) in the number of mid dead, late dead, pipped, dead chicks in trays, chicks with leg problems, dirty chicks, cull chicks, or chick weight at hatch. The LED treatment had fewer early dead embryos (P = 0.03), less overall embryo mortality (P = 0.05), fewer chicks with unhealed navels (P < 0.001), more no defect chicks (P < 0.001), and a higher percentage of fertile eggs that hatched (P = 0.05) than the DARK treatment.
In Experiment 2 (Table 2) , there were no differences between LED and DARK treatments (P > 0.05) in the number of mid dead, late dead, pipped, dead chicks in trays, chicks with leg problems, dirty chicks, cull chicks, or chick weight at hatch. The LED treatment had fewer early dead embryos (P = 0.05), fewer chicks with unhealed navels (P = 0.003), more no defect chicks (P = 0.001), and a higher percentage of fertile eggs that hatched (P = 0.04) than the DARK treatment.
In Experiment 3 (Table 3) , there were no differences between treatments (P > 0.05) in the number of late dead, pipped, dead ducklings in tray, or duckling quality. The LED treatment had fewer early dead embryos (P = 0.05), lower overall embryo mortality (P = 0.04), and a higher percentage of fertile eggs that hatched (P = 0.05), and had ducklings with lower bodyweights at hatch (P = 0.04) than the DARK treatment. Table 3 . Data from Experiment 3 hatch. Embryo mortality (%), duckling quality (%), weight (g), and hatch of fertile (%). A-B Different letters within column indicate significant differences (P < 0.05).
DISCUSSION
In these 3 experiments we sought to evaluate the embryo mortality, hatchability, and chick/duckling quality of White Leghorn eggs, broiler eggs, and Pekin duck eggs that were exposed to a combination of white and red LED light during incubation. Our hypothesis that the combined spectrum of light would improve hatchability and chick quality across poultry varieties was mostly proven true. We in fact observed an improvement in hatchability of fertile eggs as a result of the experimental light exposure in White Leghorn eggs, broiler eggs, and Pekin duck eggs. Chick quality was statistically improved in both chicken types; however, it was only numerically increased in the duck eggs.
The percentage of embryos that died during the early period of incubation was decreased in the all varieties of eggs by the light exposure during incubation. This improvement in early dead mortality is not consistent with previous research (Huth and Archer, 2015; Archer, 2015a Archer, ,b, 2016 Archer, , 2017 . The improvement in early dead mortality may be a result of this new combination of white and red light used in this current study, as previous studies used only white light alone or monochromatic light wavelengths alone. This again illustrates the complexity of the interaction of light and avian physiology. The lack of improvement in all other embryo mortality is consistent with previous research, as the improved hatchability seems to be a cumulative effect more than a specific improvement in embryo viability at different time points.
The increased hatchability utilizing this combined white and red light LED appears to support the idea that red light is important for the development of avian embryos. As observed by Huth and Archer (2015) white light alone improves hatchability only when the eggs are pigmented like broiler eggs and not when they are nonpigmented like White Leghorn eggs. Others have observed no improvement in hatchability (Shafey, 2004) or even reduced hatchability (Bowling et al., 1981) when White Leghorn eggs are exposed to white light during incubation; furthermore, others also have observed improvement in hatchability in broiler eggs when they are exposed to white light during incubation (Walter and Voitle, 1972; Garwood et al., 1973; Shafey and AlMohsen, 2002) . Red light has been documented to improve hatchability as well (Hluchý et al., 2012; Archer, 2015b Archer, , 2017 , even in White Leghorn eggs (Archer, 2015b (Archer, , 2017 . Huth and Archer (2015b) concluded that because the brown eggshells were filtering the white light to a reddish hue, the White Leghorn eggs saw no improvement. Non-pigmented eggs let the full spectrum of visible light through the shell. As demonstrated by this study and previous ones (Hluchý et al., 2012; Archer, 2015b Archer, , 2017 , red light appears to be the key wavelength for improving hatchability, as all eggs had improved hatchability with the addition of red to the white light. Previously, only pigmented eggs showed improvement in hatch without the addition of white light (Huth and Archer, 2015) . The mechanism for this improvement is still unknown and merits future research to ascertain what it is. Whatever the mechanism may be, simply by combining white and red light into one fixture an improvement in hatchability was observed across all eggs in this study.
Chick quality at hatch also was improved by the light exposure during incubation in both chicken varieties, but duckling quality was not statistically improved by the light treatment. An increased chick quality as a result of white light exposure during incubation has been previously observed (Huth and Archer, 2015; Archer 2016) . Red light exposure also has been shown to improve chick quality (Archer, 2015b (Archer, , 2017 . Specifically, the improvement in percentage of chicks with fully healed navels has been attributed with the accelerated growth caused by light exposure resulting in improved maturation of the navel over dark trials (Erwin, et al., 1971) . Ducks eggs exposed to light did not have a statistical difference in duckling quality. It should be noted though that duckling quality percentage overall was much higher than chick quality in the other 2 experiments. In light of that fact, elucidating statistical differences might not be possible unless many more replications are utilized, as evidenced by the very slight trend (P = 0.10) observed here. It is also possible that duckling quality is not controlled in the same manner by light as it is in chickens.
Overall, the combined white and red light used in this study demonstrated a real potential benefit to the incubation process. It increases chick quality in both layer and broiler chickens, as well as increases overall hatchability in both chickens and ducks. Other research Mench, 2013, 2014a,b; Rozenboim et al., 2004; Zhang et al., 2016) has demonstrated further improvements of light exposure post hatch making this environmental factor during incubation a really important management tool that currently is not being utilized. By using both white and red light in one fixture, incubators could be designed or retrofitted with one light source for multiple poultry varieties. Additional research on a larger scale would emphasize the benefits, but utilizing light during incubation appears to be a very promising management tool.
